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We examine and intcrcornpare the LF plasma wave turbulence at three comets:

Cirjgg-Skjcllcrup, (CiS),  Giacobini-Zinncr  (GZ) and IIallcy  (H). All three have power

spectral peaks at the local ion cyclotron frequency (the pump wave) at 10-2 }Iz, and a

power-law fall-off at higher frcqucncics that suggest the development of turbulent cascades

(Acuna, 1986). The power law for the three comets are approximately f-].9, f-].9 and f-2”],

respectively. However, other than the similarities in the power spectra, wc find the

magnetic field turbulence is considerably different at the thre~ comets. Phase steepening is

demonstrated to occur at the I.railing edges of the GS waves. This is probably due to

nonlinear steepening plus dispersion of the left-hand mode components. A coherency

analysis of GZ turbulence indicates that it is primarily composed of right-handed mode

components, i.e., the turbulence is “whistler-mode”. This too can be explained by

nonlirwar  stccpcning plus dispersion of the (rnagnctosonic  waves). At the level of GS and

GZ turbulence development when the spacecraft measurements were made, classical thrcc-

wave processes, such as the decay or modulation instabilities do not appear to play

important roles. It is most likely that the nonlinear steepening and dispersive time scales

arc more rapid than three-wave processes, and the latter had not had time to develop for the

relatively “new” turbulence. The wave turbulence at }Iallcy is linearly polarized. The

exact nature of this turbukmce  is still not well understood at this time. Several possibilities

arc suggested, based on our preliminary analyses.



]NT1WDUCTION

Cometary waves provide us with our best opportunity in space plasma physics to study the

dcvclopmcnt of plasma turbulence. In a steady flowing solar wind, instabilities associated

with the pickup of freshly crcatcd ions will lead to electromagnetic wave power in a

narrow frequency band. This frcc]ucncy is the local ion cyclotron frequency in the

cometary rest frame (Tsurutani  and Smith, 1986). Because spacecraft have had relatively

low velocities relative to comets during their flybys, the spacecraft magnctomctcr  rest

frame is essentially the cometary frame. Thus, waves measured at frequencies higher and

lower than the pump frequency (presumably duc to cascade and “inverse cascade”

processes, rcspcctivcly) can bc easily studied, and the nature of the turbu]cncc  established.
“l’his situation dots not exist for other waves in space plasmas. Variable Doppler shifts

smear out the pump frequency, and the “daughter” and “granddaughter” waves arc not as

easily identified.

“1’hc purpose of this paper is to usc power spectra and cohcrcncy analyses to study the high

frcclucncy components of plasma waves and turbulence at comets Cirigg-Skjcllcrup  (GS),

Giacobinni-Zinner  (GZ) and l-lallcy (11) using high rcso]ution magnctornctcr data from

Giotto (Ncubaucr et al., 1986) and Ice (PYandscn  ct al., 1978).

RFXU1.TS

To dctcrminc the power spectra of the transverse waves at comets, the mean-field direction

over the analysis interval was dctcrmincd  first . The high resolution field data was rotated

into the mean-field coordinate systcm and the power spectra of the two transverse

components were calculated and then summed. Figure 1 gives the power spectra of the

transverse components of the three cmncts: GS, CiZ and H. These were formed from

analyses of magnetic field data at comparable locations just upstream of the bow

shock.sfwavcs.

There arc clcarl y defined peaks in all three spectra. They arc Iocatcd  at -10-2 Hz, the local

water group ion cyclotron frequency. All three spectra have relatively smooth fall-offs at

higher frequencies. Fitting these fall-offs to power-law spectra, the exponent in the f-x
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dcpcndcnce  is 1.9 for GS, 1.9 for GZ and 2.1 for H. These values are similar to that

cxpcctcd for spectra developing, towards Kolmogorov or Kraichnan turbulence (however,

scc rcccnt  results of Sridhar and Goldrcich  (]994) and Goldrcich  and Srjdhar (1994)

concerning Kraichnan  turbulcncc).

If onc did not look further, onc might assume that the diffcrcnccs in power law arc simply

indicative of different lCVCIS of evolution of the wave cascades. Assuming the initial

spectrum consists of a sharply defined pump wave (plus background), the spectral fall-off

should bc quite steep. As the cascade process develops, more and more wave power will

bc placed at higher frcqucncics,  lowering the steepness of the spectral slope. Thus,

assuming this general scenario, ~nc might dcducc that the “turbulent” spectrum of the

comet H is the least dcvclopcd,  and GS and G?. the most dcvclopcd.  This may bc partially

true, but wc will show that the real case is not quite as simp]c as this.

in tbc classical cascade model, the waves through wave-wave interactions arc expected to

cascade to the proton cyclotron frequency, where they arc cyclotron damped (the wave

sink). IIowcver,  in Figure 1, there is no indication of such damping at this frequency

(-160 m}lz) in any of the three cometary wave spectra.

C)nc also expects the generation of proton cyclotron waves by the pickup of cometary

hydrogen., There arc no enhancements at -160 m] IZ in any of the spectra shown in Figure

1. This is a general observation for all the comets and is true for other intervals as WC1l.  At

GZ there is an cnhanccmcnt at -300 mHz,, hut this is almost at a frequency double the

proton cyclotron frequency (-1 6(1 m} Iz,). 7’lIc small cnhanccmcnt at -260 n~Hz at the GS

spectrum is bclicvcd  to bc duc to spin aliasing.

Proton cyclotron waves are, in general, not dctcctcd  at comets (Tsurutani, 1991) except for

limited, small-amplitude sporadic wave packets at Ilallcy  (Mamllc  and Ncubaucr, 1993).

It should bc noted that similar wave packets have bum dctcctcd  in the absence of (obvious)

comets (Tsurutani  ct al., 1994), and thus the hflazc]lc and Ncubaucr (1993) association with

a cometary origin is not absolute. The important point here is that no major cnhanccmcnt

of wave power is present at the proton cyclotron frequency, certainly nothing comparable

to the power at the 1120 group ion cyclotron frequency.
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Plgurc 2 arc examples of wave forms for the three comets. Each is extremely different

from the others. GS is characterized by sinusoidal, relatively noncomprcssive  left-hand

polarized waves (Mazcllc  et al., 1994), GZ has phase steepened and compressive

magnctosonic  waves led by large amplitude whistler packets, and }] has waves with no

obvious structure. Previously, it had been assutncd  that the turbulence at H was the most

dcvclopcd due to the larger scale size of the comet (due to higher neutral production rates),
and thus had longer time for the waves to develop and to “cascade”.

There is an interesting new feature in the form of the GS waves shown in Figure 2.

Previously reported waves were quasipcriodic and enharmonic (Glassmcicr and Ncubaucr,

1993; Ncubaucr  et al., 1993). This is the typical case. The examples of the waves in

I~igurc  2 were chosen to illustrate cases where the waves have phase-stccpcncd edges.

7’hcsc waves occur just  prior to the bow shock/wave (on the outbound pass) and are

therefore bclicvcd to bc the most dcvclopcd.  ~’hc field is in a cmnctary ccntcrcd systcm

with the x-axis pointing towards the sun. The solar wind is propagating in essentially the

- $i direction.

The phase rotation of onc cycle of the GS waves of Ijigure 2 is given in Figure 3. Radial

spokes indicate 20% increments of the interval of analysis (wave period). Note the amount

of phase rotation is much higher at the cnd of the wave than at the beginning, indicating

significant phase stccpcning  on the trailing c(igc as noted in the wave forms in Figure 2.

During the GS encounter, the interplanetary magnetic field (IMF)  is oriented

approximately orthogonal to the solar wind flow direction, leading to the generation of
parallel propagating (O~B < 10“) left-hand polarized waves (Ncubaucr  ct al., 1993;

Glassmcicr  and Ncubauer,  1993). Rcta is low and VA > 1/3 Vsw.  Because of the

orthogonality of the field and the very high wave phase speed, the waves arc propagating

past the spacecraft with litdc or no IJopplcr shift. Thus, phase  stccpcning  which occurs last

in tirnc in the spacecraft frame, also occurs last in time in the plasma frame, relative to the

wave propagation direction. ‘1’hcrcforc,  wc conc]udc that the phase stccpcning must bc

occurring at the trailing edges of the waves.

This feature is consistent with Shcvchcnko  ct al. (] 994) results from rcccnt DNLS

analyses. SoJnc of the theoretical results ~;ivc  profiles very similar to those of the GS
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waves shown in the 13gure (V. Shevchcnko,  pcrscmal communication, 1994). The

stccpcning  at the trailing edge can bc understood by simple ccmsidcrations. Duc M

nonlinear stccpcning (l Afil/l10 - (1.3), higher frequency left-hand components are. created.

1.cf(-hand  waves have decreasing phase velocity with increasing frequency (o)). At

(I) - Q ~i, the ion cyclotron frequency, there is a cutoff and the velocity goes to zero (Chen,

198 1). Thus the higher frequency wave components will physical] y trail the rest of the

wave in time, leading to stccpcning  which occurs at the trailing edge. It should bc pointed

out that this is opposite the case for magnctosonic  (right-hand) waves where higher

frequency right-hand waves have higher phase velocities. Magnctosonic  wave phase

stccpcning thus occur at the leading edge.

Figure 4 shows the results of cohcrcncy ana]yscs (e.g., sec Cilassmeicr  et al., 1989) for

waves at all three comctss.  The, cross spectral density, cohercncc and ellipticity have been

dctcrmincd for the two transverse components of the field in the mean field coordinate

systcm. The analysis has been done with 22 degrees of freedom. Positive (negative)

cllipticity  corresponds to left-hand (right-hand) polarization in the spacecraft frame of

rcfcrcncc.

The CiS waves arc cohcrcnt on]y at the pump frequency ancl slightly higher fmqucncics.

This corresponds to the left-hand cyclotron pump waves plus the waves associated with

phase steepening. I’hc highest frequency cornponcnt.s  do not have any notable cohcrcncy.

In examining wave amplitudes in this frequency range, we find that they arc consistent

with being background solar wind turbulence. Thus, wc conclude that the GS power

spcctrurn  is composed of two components of waves: left-hand turbulence near the pump

and slightly higher frcquencics, and unpolarized ir]cohcrcnt  solar wind turbulence at the

highest frcqucncics. There is no evidcncc of wave cascading at GS. There is only the

previously discussed dispersive effects.

The GZ wave cohcrcncy is quite different. Near the pump frequency at -10-2 Hz, the

cohcrcncy is relatively low, -0.3 to 0.6, and slightly left-handed (in the plasma frame).

‘1’hc lack of cohcrcncy bctwccn  the two trnnsvcrsc components arc consistent with the

nonlinear dcvclopmcnt  of the linearly polariyed,  cmnprcssivc  trailing portions of

magnctosonic waves (Tsurutani  cl al., 1987).
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The highest frequency components at f >10-2  Hz arc high] y coherent (-0.8) and arc left-

hand polarized in the spacecraft frame. ‘l’his is consistent with this cmnponcnt  being

anomalously Doppler shifted right-hand waves in the plasma frame. This whistler mode

turbulence is most probably duc to dispersive effects (Chnidi and Winskc, 1990). There is

no evidence of significant three.-wavc cascade processes at CZ

‘1’hc H wave coherency is different again. At the pump frequency, the cohcrcncc is -0,5,

about the same as for the G-7, case. The polarization is indeterminate. AI higher

frcc]ucncics,  the cohcrcncy is generally lower still. increasing the number of dcgrccs of

frccdorn of analysis would result in smoothing the cohcrcncc  and polarization. Wc

conclude the H waves appear to bc linearly polariz,cd. At least three possible

interpretations exist: 1 ) the turbulence could bc an equal mixture of both right-and left-

hanci polarized waves propagating in the same direction, giving an average result of linear

polarization, 2) the H waves could have evolved nonlincar]y  to a point where. the waves at

10-2 Hz, arc linearly polarized (such as those found in the trailing portion of the GZ

magnctosonic waves), or 3) the spectrum is indeed fully turbulent. At this time, none of

these possibilities have been ruled out. It will take further effort to analyze the detailed

small scale wave structures and to also scarc}~  for daughter and granddaughter waves to

dctcrminc  which onc (if any) is the correct mechanism. This is, however, beyond the

scope of this present paper.

CXINCIUSIC)N

A comparison of waves at three comets has indicated that the turbulence of each is quite

different from the others. GS is a superposition of left-hand waves (near the pump) plus

solar wind background turbu]cncc (at higher frcqucncics).  GZ is composed of linearly

polarized turbulence near the pump frcclucncy and dispersive right-hand turbulence at

higher frcqucncics,  and ]1 is linearly polarized turbulence . The biggest mystery at this

time is the H turbulence. From the orientation of the IMF relative to the solar wind

velocity of the H cncountcr (typically a Parker spiral angle: Ncubaucr ct al., 1986), onc

would expect magnctosonic mode generation (Thornc and Tsurutani, 1987; 13rinca,  1991;

Gary, 199 1). However, from an initial inspection of the wave forms, whistler packets were

not observed (Glassmeicr ct al., 1987). This is not presently understood. one possibility is

that plasma conditions might play an important role in this. With higher ~ (than the GZ
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case), whistlers could be readily damped, leaving the linearly polarized waves remaining.

This possibility is currently being studied. Another possibility is that because the Halley

scale is so large, the near-Halley waves have had much longer to develop ancl arc, as a

conscqucncc,  fully turbulent. Small scale H waves arc currently being investigated to

determine which of these possibilities arc the correct one.
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Figure Captions

Fig. 1 Power spectra of the transverse components of the magnetic field at three comets.

Fig. 2 Wave forms of LF waves at thnx comets,

Fig. 3 The magnetic field of a GS wave in minimum variance coordinates. The RI - B2

hodogram  at the lower left illustrates the magnitude of phase steepening.

Fig. 4 The magnetic energy density, coherency and cllipticity of waves at three comets, *

values of cllipticity  corresponds to left-hancl and right-hand polarization.
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